A mixture of two polyamic acids, one having an alkyl side chain and ordinarily used for vertical liquid crystal alignment, and the other without a side chanin and ordinarily used for planar alignment, is deposited on two substrates and baked at high temperatures. When the resulting cell is filled with the liquid crystal pentyl cyanobiphenyl, it is found that the pretilt angle θ 0 is a function of the baking tem- 
Liquid crystal devices most often are based on either near-vertical (homeotropic) or near-planar alignment of the liquid crystal director b
n. Yet, for some applications (such as optical gratings) in which the optical retardation must be controlled passively, i.e., by the surface rather than by an electric field, a large pretilt angle may be needed. Several methods have been used to achieve a large pretilt from the vertical direction, with varying degrees of success. These include dipping a vertically-aligning polyimide in a solvent [1] , printing a homeotropic alignment agent (silane) in a grating pattern onto a planar aligning substrate and varying the coverage ratio and period of the silane to control the pretilt angle [2] , irradiating SiC layers of varying composition with an ion beam [3] , and rubbing a polyimide that has a relatively rigid backbone designed for homeotropic alignment [4] [5] [6] [7] [8] .
Microscopically inhomogeneous surfaces -with regions A promoting vertical alignment and regions B planar alignment -also can provide controlled polar tilt θ (defined relative to the vertical direction) in the bulk [9, 10] : As one transits into the bulk liquid crystal, the orientation homogenizes, with a uniform θ. Ong, et al, for example, achieved 0
• by varying the coverage of a silane-treated substrate with thin metallic islands [9] . Recently, Yeung, et al deposited a mixture of vertical and planar-aligning polyimide precursors onto a substrate [11, 12] . As the mixture was baked, the two components phase separated, resulting in very small ( ∼ 200 nm) patches of vertical and planar alignment regions at the surface. Here θ is controlled primarily by means of the relative concentration of the two polymers, as well as temperature.
Based upon the concept of using a dual-polymer alignment layer -A for vertical and B for planar alignment -to control the effective polar angle in the bulk, we examined mixtures of the polyamic acids SE-1211 and RN-1175 (Nissan Chemical Industries, Ltd.).
Unlike those used by Yeung, et al [11, 12] , we found that these materials do not undergo phase separation as the solvent evaporates, and that the resulting alignment layer does not form domains. Instead, the composition of the alignment layer remains homogeneous on length scales < 10 nm, as determined by atomic force microscopy from the absence of topographical changes. When the alignment layer is baked, both SE-1211 (component A)
and RN-1175 (component B) form imidized backbones, with SE-1211 also having a long alkyl sidechain; it is this sidechain that promotes vertical alignment of the liquid crystal.
We find that the spatially uniform liquid crystal pretilt angle θ 0 at the liquid crystal -alignment layer interface can be adjusted continuously from 0 • (vertical alignment) to more than 80
• (nearly planar alignment) by varying the relative concentration of the two polyamic acids and/or by varying the baking temperature. This approach has the advantage that the polar angle of the director θ(z) is uniform throughout the entire cell, including at the substrates. In this Letter we discuss the control of the pretilt angle by varying the baking temperature; the concetration dependence of θ 0 will be discussed elsewhere.
We used a mixture of the polyamic acid SE-1211 (25 wt.-%) and RN-1175 (75 wt.-%), dissolved in varnish as supplied by the manufacturer, with the concentration of the polyamic acids being approximately 4% by weight of the total solution. The mixture was spin coated onto indium tin oxide (ITO)-coated glass slides at 1800 rpm for 9 s. The slides were prebaked at 80
• C for 30 min, and then were fully baked at temperatures ranging from below 230 • C to
290
• C for 50 min. These baking temperatures are significantly higher than that prescribed by the manufacturer (180 • C) for SE-1211 to achieve vertical alignment. Overbaking the polyamic acids has two effects: It further imidizes the backbones, thereby promoting nearly planar alignment, and cleaves away a fraction of the side chains of the SE-1211 component, thereby weakening the tendency for vertical alignment [6, 13, 14] . The slides then were rubbed extremely weakly with a cotton cloth (Yoshikawa Chemical Co., YA-25-C), such that the fibers of the cloth barely made contact with the polyimide coating. The purpose of the rubbing was to promote a spatially homogeneous azimuthal orientation for the tilted liquid crystal, and the softeness of the rubbing ensured that the rubbing did not alter the naturally occuring pretilt angle. Previous work has shown that θ 0 increases, monotonically but highly nonlinearly, with rubbing strength, with a minimum rubbing strength n f being required to affect θ 0 [6, 14] . The rubbing strengths used in the present experiment were considerably weaker than reported values of n f [6, 14] , and the absence of a measurable change in pretilt angle was confirmed by measuring the optical retardation through the cells, both rubbed and unrubbed. Cells were constructed with two slides, arranged such that the rubbing directions were mutually antiparallel, separated by mylar spacers of nominal thickness 5 μm. The actual thicknesses d of the empty cells, typically in the neighborhood of 10μm, were measured using a Cary 500 Spectrophotmeter.
The cells were filled with the liquid crystal pentyl cyanobiphenyl ("5CB"; Merck) in the isotropic phase, and then cooled to room temperature. Each cell was placed into an optical apparatus in which light from a 5 mW He-Ne laser (wavelength λ = 633 nm) passed through a polarizer, the cell, a Babinet-Soliel compensator, an analyzer, and into a detector. The polarizer and analyzer were rotated by +45
• and −45
• , respectively, with respect to the cell's rubbing direction. Initially the cell was removed and the Babinet-Soleil compensator was adjusted to minimize the intensity at the detector; this corresponds to an optical retardation α zero = 0. The cell then was reinserted into the optical path and, in the absence of an applied voltage, the Babinet-Soliel compensator was adjusted to minimize the intensity of light at the detector; this corresponds to the maximum retardation α max , which is a function of θ 0 . Thus the overall change of retardation ∆α [≡ α max − α zero ] may be determined. Because the substrates were rubbed mutually antiparallel, the effective optical
is constant through the cell thickness. Taking ordinary refractive index n o = 1.528 and the extraordinary index n e = 1.719 [15] , we obtain the polar angle θ, which corresponds to the pretilt angle θ 0 , as a function of baking temperature. The results are shown in Fig. 1 . To assure that α zero corresponds to the retardation of a completely vertically-aligned cell and does not include a significant artifact due to strain birefringence in the glass, a 1 kHz voltage was applied to the cell at voltages ranging from 100 mV to 20 V, and at each voltage the optical retardation α of the compensator was adjusted to minimize the transmitted light intensity. A plot of α vs. applied voltage is shown in Fig. 2 for a typical cell, in this case baked at 270 • C and having thickness (11.4 ± 0.3) μm. As is apparent, the optical retardation at 20 V is nearly zero, as only a small electric coherence length
each of the two substrates contributes to the retardation [16] . Here K is an appropriate elastic constant that depends on the local deformation, ε 0 is the permittivity of free space, and ε || and ε ⊥ are the low frequency dielectric constants parallel and perpendicular to the director. As expected from the voltage dependence of ξ (and assuming strong anchoring at the substrates so that the pretilt angle θ 0 is unaffected by the elastic torque experienced at nonzero applied voltage), we find that the measured retardation in Fig. 2 varies as V −1 in the region V > 5V. Thus, α zero does, indeed, correspond to the retardation of the liquid crystal in the limit that V → ∞.
As is readily apparent, a minimum baking temperature for the mixture is required before a nonzero pretilt angle off the vertical direction obtains. This is due to the necessity of breaking off a sufficient fraction of sidechains and sufficiently imidizing the backbone for a tilt transition to occur [6, 13, 14] . Above this temperature the pretilt angle varies smoothly with baking temperature, reaching a pretilt angle θ 0 > 80 • , which would correspond to nearplanar alignment. We note that there is an apparent small decrease of the pretilt angle at the highest baking temperature of 290 • C. We believe that this is experimental data scatter, as both polyimide backbones remain robust at this these temperatures and neither has a glass transition [17] . Qualitatively we find that higher concentrations of RN-1175, which has the effect of reducing the concentration of side-chains associated with SE-1211, require lower baking temperatures to achieve comparable pretilt angles, as expected. Several years ago it was shown that for SE-1211 only and for the liquid crystal homologous series alkyl cyanobiphenyl, the θ 0 vs. rubbing strength curves are a function of the number of methylene units in the alkyl terminal group [14] . Clearly, in order to achieve a desired liquid crystal pretilt angle for a given mixture of polyamic acids as a function of baking temperature, the pretilt angle θ 0 vs. baking temperature curve would need to be calibrated for a given liquid crystal. Nevertheless, because the baking temperature range is sufficiently broad, the tilt angle is sufficiently reproducible, and the alignment quality is high, the baking temperature protocol described herein provides a superb alternative to pretilt control over virtually the full vertical alignment to planar alignment spectrum. 
